We present real-time 3D (2D cross-sectional image plus time) and 4D (3D volume plus time) phase-resolved Doppler OCT (PRDOCT) imaging based on configuration of dual graphics processing units (GPU). A GPU-accelerated phase-resolving processing algorithm was developed and implemented. We combined a structural image intensity-based thresholding mask and average window method to improve the signal-to-noise ratio of the Doppler phase image. A 2D simultaneous display of the structure and Doppler flow images was presented at a frame rate of 70 fps with an image size of 1000 × 1024 (X × Z) pixels. A 3D volume rendering of tissue structure and flow images-each with a size of 512 × 512 pixels-was presented 64.9 milliseconds after every volume scanning cycle with a volume size of 500 × 256 × 512 (X × Y × Z) voxels, with an acquisition time window of only 3.7 seconds. To the best of our knowledge, this is the first time that an online, simultaneous structure and Doppler flow volume visualization has been achieved. Maximum system processing speed was measured to be 249,000 A-scans per second with each A-scan size of 2048 pixels. 
Introduction
Optical coherence tomography (OCT) is a well-established, noninvasive optical imaging technology that can provide high-speed, high-resolution, three-dimensional images of biological samples. Since its invention in the early 1990s, OCT has been widely used for diagnosis, therapy monitoring, and ranging [1] . In vivo noninvasive imaging of both microcirculation and tissue structure is a hot area that has attracted significant amounts of interest since it is an indicator of biological functionality and abnormality of tissues. Pioneering work by Z. P. Chen et al. combining the Doppler principle with OCT has enabled high resolution tissue structure and blood flow imaging [2] . Since then, OCT-based flow imaging techniques have evolved into two different approaches: optical coherence angiography (OCA) to detect microvasculature [3] [4] [5] [6] [7] and Doppler tomography (ODT) to quantitatively measure blood flow [8] [9] [10] [11] [12] [13] [14] [15] . In spectral domain ODT, the magnitude of Fourier transformation of the spectral interference fringes is used to reconstruct cross-sectional, structural image of the tissue sample, while the phase difference between adjacent A-scans is used to extract the velocity information of the flow within the tissue sample [2, 8] .
Real-time imaging of tissue structure and flow information is always desirable and is becoming more urgent as fast diagnosis, therapeutic response, and intraoperative OCT imageguided intervention become established medical practices. In addition, a higher imaging speed can effectively reduce motion artifact for in vivo imaging and thus significantly improve the quality of ODT images [16, 17] . High speed CCD camera or swept source enables OCT or ODT to have higher signal acquisition speed, or higher temporal resolution of blood flow imaging system which allows for better reconstruction of the time course of dynamic processes. However, due to the large amount of raw data generated by an OCT engine during a high-speed imaging process and heavy computation task for computer systems, real-time display is highly challenging. A graphics processing unit (GPU)-accelerated signal-processing method is a logical solution to this problem due to the way OCT data are acquired and due to the fact that they can be processed in parallel. Although researchers have reported a number of studies using GPU to real-time process and display OCT images [18-27], reports of real-time functional OCT imaging based on GPU processing-which is highly demanding and would be of great value for medical and clinical applications-have been uncommon. GPU-based speckle variance swept-source OCT (SS-OCT) [26] and 2D spectral domain Doppler OCT (SD-DOCT) [27] have recently been reported.
In this report we present real-time 3D (2D cross-sectional image plus time) and 4D (3D volume plus time) phase-resolved Doppler OCT (PRDOCT) imaging based on configuration of dual graphics processing units. The dual graphics processing units configuration offers more computation power, dynamic task distribution with more stability, and an increased software-friendly environment when further performance enhancement is required [21] . To achieve real-time PRDOCT, we developed a GPU-based phase-resolving processing algorithm; this was integrated into our current GPU-accelerated processing algorithm, which included cubic wavelength-to-wavenumber domain interpolation, numerical dispersion compensation [20] , numerical reference and saturation correction [25] , fast Fourier transform, log-rescaling, and soft-thresholding. These processes were performed with the first GPU. Once 4D imaging data were processed, the whole structure volume and flow volume data were transferred to the second dedicated GPU for ray-casting-based volume rendering. The 3D and 4D imaging mode can be switched easily by customized graphics user interface (GUI). For phase-resolved image processing, we combined a structure image-based mask, thresholding and an average window method to improve the signal-to-noise ratio of the Doppler phase image. Flow and structure volume rendering shares the same model view matrix-for the sake of easy visual registration when ray-casting was performed-with two different customized transfer functions. The model view matrix can be modified interactively through the GUI. This flexibility makes the interpretation of volume images easier, more reliable, and complements a single-view perspective. Real-time 2D simultaneous display of structure and flow images were presented at a frame rate of 70 fps with an image size of 1000 × 1024, corresponding to 70K raw spectra per second; To present the 3D image data set, realtime 3D volume rendering of tissue structure and flow images-each with a size of 512 × 512 pixels-were presented 64.9 ms after every volume scanning cycle where the acquired volume size was 500 × 256 × 512 (X × Y × Z). To the best of our knowledge, this is the first time online simultaneous structure and flow volume visualization have ever been reported. The theoretical maximum processing speed was measured to be 249,000 A-scans per second, which was above our current maximum imaging speed of 70,000 A-scans per second limited by the camera speed. Systematic flow phantom and in vivo chorioallantoic membrane (CAM) of chicken embryo imaging were performed to characterize and test our high-speed Doppler spectral domain OCT imaging platform.
Methods

System configuration
We integrated the GPU-accelerated Fourier domain PRDOCT method into our previously developed GPU-accelerated OCT data processing methods based on an in-house-developed spectral domain OCT. The hardware system configuration is shown in Fig. 1 . The A-line trigger signal from the frame grabber was routed to the data acquisition (DAQ) card as the clock source to generate the waveform control signal of the scanning galvanometers. We used a line-scan camera (EM4, e2v, USA) with 12-bit depth, 70 kHz line rate, and 2048 pixels as the spectrometer detector. We used a superluminescent (SLED) light source with an output power of 10 mW and an effective bandwidth of 105 nm centered at 845 nm, which gave an axial resolution of 3.0 µm in air for the experiment. The transversal resolution was approximately 12 µm, assuming a Gaussian beam profile.
We used a quad-core @2.4 GHz Dell Precision T7500 workstation to host a frame grabber (National Instrument, PCIe-1429, PCIE-x4 interface), a DAQ card (National Instrument, PCI 6211, PCI interface) to control the galvanometer mirrors and two NVIDIA (Santa Clara, California) Geforce series GPUs: One is GTX 590 (PCIE-x16 interface, 32-stream multiprocessors, 1024 cores at 1.21 GHz, 3 GB graphics memory); the other is GTS 450 (PCIE-x16 interface, 4-stream multiprocessors, 192 cores at 1.57 GHz, 1 GB graphics memory). GTS 450 was dedicated to perform volume ray-casting and image rendering while GTX 590 was used to process all the necessary pre-volume rendering data sets for GTS 450. All the scanning control, data acquisition, image processing, and rendering were performed on this multi-thread, CPU-GPU heterogeneous computing system. A customized user interface was designed and programmed through C++ (Microsoft Visual Studio, 2008). We used computer unified device architecture (CUDA) version 4.0 from NVIDIA to program the GPU for general purpose computations [28] . Figure 2 . shows the data process flowchart of the OCT system. Thread 1 marked by a green box controls the data acquisition from frame grabber to host memory. Once one frame is ready, thread 2 marked by a yellow box copies the B-scan frame buffer to GPU1 frame buffer and controls GPU1 to perform B-frame structure and phase image processing. Once both images are ready, they are transferred to corresponding host buffers for display and to host C- scan buffers for later volume rendering. Thread 2 also controls the DAQ card to generate scanning control signals to galvanometer mirrors using A-line acquisition clocks routed from the frame grabber (not illustrated in Fig. 2 ). When the host C-scan volume buffers are ready, thread 3 marked by a red box transfers both the structure volume and phase or velocity volume from the host to device, and commands the GPU2 to perform ray-casting-based volume rendering. Details about the implementation of structure image processing and raycasting-based volume rendering can be found in our previously reported studies [19, 21, 25] . We made further improvement to the ray-casting algorithm-including a real-time, usercontrolled model view matrix-to provide multiple view perspectives and customized different transfer functions to structure volume image and flow volume image. Here synchronization and hand-shake between different threads are realized through a software event-based trigger. After structure image processing, which includes wavelength-to-wavenumber cubic spline interpolation, numerical dispersion compensation, FFT, reference and saturation correction, the complex structure image can be expressed as
Data processing
where φ(z,x) is the phase of the analytic signal. The phase difference between adjacent Ascans, n and n-1, is calculated:
Based on the linear relationship between phase difference between adjacent A-lines and velocity, the velocity of flow signal image can be expressed as
In this study the camera was running at 70 kHz. We measured our system phase noise level to be 0.065 rad by measuring the standard deviation of the phase of a stationary mirror as a target. The velocity of flowing target projected to the parallel direction of the scanning
The phase-resolving processing box in Fig. 2 consists of the following operations:
1. Generate a structure image intensity level-based binary phase-thresholding mask to filter out the background non-signal area. Most OCT images consist of a relatively large background area that carries no information. The signal intensity in the background area is usually low. By thresholding the structure image intensity, a binary mask with the same size of structure image can be generated. The value of each pixel in the mask was assigned to one if the corresponding structure pixel value has intensity level above the threshold value and to zero if the corresponding structure pixel value has intensity level below the threshold value. The threshold value was currently controlled by the user based on visual judgment. Automatic threshold value generation by statistically analyzing the image intensity will be our future modification.
2. Calculate the phase based on Eq. (2) and previously generated binary mask. If the value of a certain position in the mask was zero, we assigned zero phase value to that position instead of performing the phase calculation operation. Otherwise, the phase was calculated according to Eq. (2). This mask operation would reduce the amount of calculation load of the GPU cores.
3. Average the phase images with an averaging window to further improve the signal-tonoise ratio. Here we mapped the phase image to a certain portion of texture memory of the GPU. As the averaging operation used a lot of locality or neighboring values, texture memory would accelerate the data read speed compared to normal global memory of GPU. The window size we used here was 3 × 3, which is a commonly used window size for processing Doppler images.
4. Map the phase value to a color scheme. We used a so-called jet color map during our phase-to-color mapping process, which maps π to deep red and -π to deep blue. In between, the color varies from light red to yellow and green and then light blue. Green color corresponds to zero phase value.
5. Shrink the phase image by half in lateral and axial directions to 500 × 512 pixels to accommodate the display monitor size, which is equivalent to a final 6 × 6 average window over the phase image.
Volume rendering is a set of techniques used to display a 2D projection of a 3D discretely sampled data set, which simulates the physical vision process of the human eye in the real world and provides better visualization of the entire 3D image data than 2D slice extraction. Ray-casting is a simple and straightforward method for volume rendering. The principle of ray-casting demands heavy computing duty, so in general real-time volume rendering can only be realized by using hardware acceleration devices like GPU [19] . To render a 2D projection of the 3D data set, a model view matrix-which defines the camera position relative to the volume-and an RGBA (red, green, blue, alpha) transfer function-which defines the RGBA value for every possible voxel value-are required. In this study the structure and flow velocity volume rendering shared the same model view matrix controlled by the user for people to easily correlate the structure and flow image. An identical jet color map used when performing the phase value to color mapping with opacity equaling 0.2 was applied as the transfer function for flow velocity volume rendering. Another color map varying from black-red-yellow-green with opacity 1.0 was applied as the transfer function for structure volume rendering. Each volume data set consists of 500 × 256 × 512 voxels. Two 512 × 512 pixel size 2D projection images will be generated after volume rendering.
Results and Discussion
Prior to any structure and Doppler imaging, it was necessary to characterize the phase noise properties of our SD-OCT system. We calculated the phase variation by imaging a stationary mirror at 70 kHz A-scan rate without any averaging process. The result is shown in Fig. 3 . The standard deviation of the Gaussian fitting curve was 65 mrad. This value incorporates both the internal system and external environmental phase noises. 
Phantom experiments
To evaluate the system performance, we first performed a set of experiments using a phantom microchannel having a diameter of 300 µm with bovine milk flowing in it. The microchannel was fabricated by drilling a 300 µm channel on a transparent plastic substrate. The flow speed was controlled by a precision syringe pump. During the experiment we obtained B-scan images, each containing 1000 A-lines covering 0.6 mm . Figure 4 shows the effect of our adopted phase-resolving process described in the Methods section. The pump speed was set at 45 µl/min with a Doppler angle of 70°, which corresponded to an actual average flow speed of 8.3 mm/s and 2.8 mm/s speed projection on the incident beam. As can be seen in Fig. 4(a) , the raw image contains background having a lot of random phase variation. After filtering out the image with an intensity-based mask, Fig.  4 (b) becomes much cleaner. Then an averaging window 6 × 6 was convolved with the image to form the final image, Fig. 4(c) . We can clearly see the signal-to-noise ratio improvement using these processing techniques. Figure 4(d) is the result using only the averaging process. We can clearly see the advantage of combining intensity-based masking and averaging. It is also worthy pointing out that an image with a clean background or high signal-to-noise ratio is critical to the next volume rendering process, as these random and rapid variations of the phase will accumulate due to the nature of the ray-casting process.
Choosing the ideal intensity threshold value to generate the phase mask is important, as a lower threshold value would have less effect on generating a clean background, and a high threshold value would cause structure information loss-especially in situations such as when the intensity is low due to the shadowing effect of blood vessels while the flow speed is high. In this study, the threshold value was manually selected based on visual perception. Setting the pump speed at 0. threshold value was used after the image intensity was transformed into log-scale. As can be seen from Fig. 5(a) , when the threshold value increased from 5.0 to 5.8, the background became cleaner, as expected. Figure 5 (b) shows the phase profile along the red line marked in Fig. 5(a) . We can see the decrease in the noise level of the background when the threshold value was increased while the signal region profile was the same; however, we can also see that the area of signal that indicates that the flow region shrank. To further evaluate the quantitative flow speed measurement of our system, we set the pump at five different speeds: 0 µl/min, 30 µl/min, 60 µl/min, 90 µl/min, and 120 µl/min. The cropped screen-captured structure and phase images to emphasize the flow region are presented in Fig. 6(a) . As the pump rate increased, we can see the color varied from light blue to deep blue. Experimental phase profile along the center of the microchannel and the parabolic fitting curves are shown in Fig. 6(b) . Note that at 0 µl/min pump rate, there was still a small amount of flow signal above our system phase noise level and the profile was almost flat. We suspect that might be due to the gravity caused by moving of the scattering particles. We then performed 4D simultaneous structure and Doppler flow imaging. The camera was operating at 70 kHz A-line rate. Each B-mode image consisted of 1000 A-scans in the lateral fast X scanning direction. The volume consisted of 256 B-mode images in the lateral slow Y scanning direction. The displayed B-mode structure and flow images were 500 × 512 pixels; both were reduced by half in X and Z directions. Thus the volume data size was 500 × 256 × 512 (X × Y × Z) voxels, corresponding to a physical volume size 0.6 × 1.0 × 1.2 (X × Y × Z) mm 3 . It takes 3.66s to acquire such volume data. The results are shown in Fig. 7 . The red box is a screen-captured image of our customized program display zone. The name of each image was marked out at the bottom of each. To show the flexibility of our volume rendering method, two more screen-capture images-displaying only the volume velocity and structure image region under isotropic and front view-are also displayed. Since the microchannel was fabricated using a diameter 300 um drill bit on a transparent plastic substrate, the microchannel was not perfectly circular; we can clearly see from the velocity volume image that the velocity field distribution along the channel direction is not uniform. This could essentially provide much more information than solely two-dimensional cross-sectional images. By sharing the model view matrix between the flow and structure volume, it was easy to visually correlate these two images.
The time cost of all GPU kernel functions of a previous system data acquisition, processing, and rendering setup is shown in Fig. 8 . CUDA profiler 4.0 from CUDA Toolkit 4.0 was used to analyze the time cost of each kernel function of our GPU program. The data shown in Fig. 8 are based on an average value of multiple measurements. As shown in Fig.  8(a) , the total time cost for a B-mode image size of 1000 × 1024, corresponding to 1000 × 2048 raw spectrum size, was 4.02 ms. Among them, phase calculation, averaging and color mapping took only 0.46 ms, which was about 11.4% of the GPU1 computation time. We did not see too much host-to-device bandwidth limit here. For the volume rendering task on GPU2, however, copying the volume data of both structure and flow from the host to the device took 45.9 ms. The strategy to reduce this memory copy cost includes future hardware upgrades into a higher speed PCI-x16 3.0 from 2.0 host-to-device interface and a more powerful CPU. Instead of copying all the volume data at one time-which is the case in our current setup-another effective solution would be to divide the copy task into multiple times for example every 20 B-frames while the acquisition was continuing to hide the latency of memory data transfer. Further GPU program optimization using two streams for GPU1 and asynchronous data transfer mode to hide the data transfer latency will be implemented in our future study. For 64bit operating systems that utilizing multiple GPUs from Tesla series can be utilized to implement peer-to-peer memory access function to bypass the host memory transfer [28] . The ray-casting of two volume data sets cost 12.5 ms. Based on the measurement, our system could provide a theoretical maximum imaging speed of 249,000 Ascans per second.
In vivo chicken embryo imaging
We further tested our system by in vivo imaging of chicken embryo to show the potential benefits of our system for noninvasive assessment of microcirculations within tissues. Here we used the chorioallantoic membrane (CAM) of a 15-day-aged chick embryo as a model. The CAM is a well-established model for studying microvasculature and has been used extensively to investigate the effects of vasoactive drugs, optical and thermal processes in blood vessels, as well as retina simulation [29, 30] . Shown in Fig. 9 is one video frame showing real-time chicken embryo blood flow with an imaging rate of 70 fps; the video (Media 1) was played back at 30 fps. From the structure image we can clearly see the blood vessel wall, chorion membrane. In the velocity image we can clearly identify two blood vessels; one is flowing with larger speed than the other. It was also evident that blood moved at different speeds within the vessel. The magnitude of the blood flow was maximal at the center and gradually went down to the peripheral wall. From this video we can clearly observe the blood flow speed variation over time. Both vessel blood-flowing speed fields were modulated by the pulsation effect of the blood flow. C-mode imaging was achieved by scanning the focused beam across the sample surface using X-Y scanning mirrors. The physical scanning range was 2.4 × 1.5 × 1.2 (X × Y × Z) mm 3 , while all the other parameters were the same as the previous phantom C-mode imaging. It took 3.7 seconds to image a volume; the volume rendering of structural and flow information were displayed right after the volume data set was ready, with a delay of only 64.9 ms, which could be further reduced. To the best of our knowledge, this is the first-time demonstration of online simultaneous volume structure and flow-rendering OCT imaging. Combining volume flow speed with structural volume images could be highly beneficial for intraoperative applications such as microvascular anastomosis and microvascular isolation. The rendering of flow volume would allow the surgeon to evaluate the surgical outcomes. To resolve the Doppler phase information, the B-mode image lateral direction needs to be oversampled (see Fig. 10 ). For example, in our system the lateral transverse resolution was 12 µm-typical for a scanning length of 2.4 mm; the oversampling factor of 5 needs to be applied. This requires 1000 A-scans for each B-scan. In our imaging one volume consists of 256 B-frames and the camera speed was 70,000 A-scans per second; therefore, our volume imaging rate was 0.27 volumes per second, although our system could sustain a volume rendering rate of 15 volumes per second. If a higher-speed camera having 249,000 A-scans per second were used, the volume imaging rate would be 1 volume per second for the same volume size. As camera speed goes up, however, the minimum detectable flow speed will also go up. There is a trade-off between imaging speed and system flow sensitivity. The Doppler en-face preview method proposed in [11] is one possible approach to temporarily increase the volume rate before increasing the sampling area and sampling density, which will be incorporated into our system in future studies.
Conclusion
In conclusion, we have demonstrated a real-time 3D and 4D phase-resolved Doppler optical coherence tomography based on dual GPUs configuration. A phase-resolving technique with structure image intensity-based thresholding mask and average window was implemented and accelerated through a GPU. Simultaneous B-mode structural and Doppler phase imaging at 70 fps with image size of 1000 × 1024 was obtained on both flow phantom and CAM model. The maximum processing speed of 249,000 A-lines per second was limited by our current camera speed. Simultaneous C-mode structural and Doppler phase imaging were demonstrated, with an acquisition time window of only 3.7s and display delay of only 64.9 ms. This technology would have potential applications in real-time fast flow speed imaging and intraoperative guidance for microsurgeries and surgical outcome evaluation.
